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Abstract: Fluid/fluid interfaces are ubiquitous in science and technology, and hence, the under-
standing of their properties presents a paramount importance for developing a broad range of soft
interface dominated materials, but also for the elucidation of different problems with biological
and medical relevance. However, the highly dynamic character of fluid/fluid interfaces makes
shedding light on fundamental features guiding the performance of the interfaces very complicated.
Therefore, the study of fluid/fluid interfaces cannot be limited to an equilibrium perspective, as
there exists an undeniable necessity to face the study of the deformation and flow of these systems
under the application of mechanical stresses, i.e., their interfacial rheology. This is a multidisciplinary
challenge that has been evolving fast in recent years, and there is currently available a broad range
of experimental and theoretical methodologies providing accurate information of the response of
fluid /fluid interfaces under the application of mechanical stresses, mainly dilational and shear. This
review focused on providing an updated perspective on the study of the response of fluid/fluid
interfaces to dilational stresses; to open up new avenues that enable the exploitation of interfacial
dilational rheology and to shed light on different problems in the interest of science and technology.
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1. Introduction

Complex fluid /fluid interfaces are ubiquitous, be it in nature, industry, or academia.
For instance, they can be exploited to provide structure to different products, including
foam and emulsion-based items. Moreover, they are present in a broad range of chemical
processes, including liquid-liquid extraction, froth flotation, wastewater treatment, or ter-
tiary oil recovery. On the other hand, fluid/fluid interfaces can be exploited as platforms
for nanostructured material fabrication, or as models to elucidate problems with biological
and medical relevance [1-5]. Therefore, it may be expected that most of the fluid/fluid
interfaces with technological or scientific relevance involve systems operating under dy-
namic conditions, and hence, the understanding of the dynamic and mechanical properties
of interfacial layers laden at fluid /fluid interfaces is of paramount importance for living
systems, foods, personal care products, and the environment [6].

The rheological performance of fluid/fluid interfaces can be modulated almost at will,
to design soft interface-dominated materials for specific applications [7,8]. This makes
understanding the deformation and flow of fluid/fluid interfaces under the application of
mechanical stresses, i.e., the rheological properties of the interface, a matter of key impor-
tance for science and technology [9,10]. For instance, the understanding and control of the
rheological response of fluid/fluid interfaces plays a very important role in the control of
emulsion stability [11,12], foamability and foam stability (resistance against drainage) [13],
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lung surfactant performance [4,14], aerosol formation [15], tear film stability [16,17], en-
capsulation process [18], coffee ring formation [19], tertiary oil recovery [20], or remote
sensing [21,22].

The description of the rheological response of 2D systems (or more correctly, quasi-2D
systems), i.e., layers of surface-active compounds confined at fluid/fluid interfaces, is not
always trivial. In fact, interfacial rheology relies on the confinement of the applied deforma-
tion within the xy plane, which requires to introduce specific modification to the classical
rheological formalism used for the study of the mechanical response of bulk systems. This is
of a paramount importance because, in most of the cases, the small thickness of fluid /fluid
interfaces makes it difficult to decouple the pure interfacial rheological response from the
contribution associated with the response of the adjacent bulk phases to the applied stress.
Therefore, it is necessary to develop suitable experimental and theoretical methodologies
enabling such decoupling [23,24]. This is significant because the combination of experimen-
tal and theoretical tools may significantly contribute to the impact of the stress boundary
conditions on the behavior and breakup of thin films [25].

Despite the importance of the mechanical properties of fluid/fluid interfaces for many
technological and scientific purposes, there is a broad range of features that yet remains
unclear, and deserving of additional research effort. Therefore, this review is focused on
providing an updated perspective of the current understanding of the performance of
fluid /fluid interfaces under the application of dilational stresses. This is important because
dilational rheology plays an essential role in a broad range of scientific and technological
features, ranging from the formation and stability of foams to the respiratory cycle, and
from tertiary oil recovery to demulsification processes [20,26-28]. However, the study of
the performance of interfaces under dilational stresses is particularly challenging because
it requires one to deconvolute the changes in thermodynamic properties associated with
the changes in the interfacial concentration and the intrinsic compressional viscoelasticity,
which is not always easy [29]. To effectively conduct a study of the dilational rheology of
fluid /fluid interfaces, the first part of the review is focused on the description of the physi-
cal bases governing the response of fluid/fluid interfaces upon the application of different
mechanical stresses. Then, the most fundamental aspects of the interfacial behavior under
the application of a dilational stress are discussed. Afterward, a discussion of the available
experimental and theoretical tools for studying the dilational rheology of fluid /fluid inter-
faces is included. Finally, the effect of the non-linear character of the dilational deformation
on the rheological response of fluid/fluid interfaces is briefly discussed.

2. Interfacial Rheology: Foundations

The adsorption of soluble species to the interface of a bulk solution, or the direct
deposition of insoluble surface-active species at the interface, leads to the formation of the
so-called Gibb and Langmuir monolayers, respectively. The formation of an interfacial
layer at the fluid/fluid interface leads to the decrease of the interfacial tension, 7, in
relation to that corresponding to the bare interface, 9. However, the use of the interfacial
tension only provides an equilibrium description of the true picture of the interface and,
as previously mentioned, this is not enough in most practical applications of fluid /fluid
interfaces. In fact, fluid/fluid interfaces with technological and scientific relevance are
commonly subject to external mechanical perturbations that result in a modification of
their size or shape [30]. The understanding of the response of fluid/fluid interfaces to
mechanical processes is essential, because even the simplest deformation processes can
yield to very complex responses, including multiple dynamic processes or deformation
mixing different interfacial modes [31].

The interfacial response against perturbations that modify the size of the interface,
without affecting its shape, can be defined in terms of the dilational elasticity and viscosity;
whereas, the modification of the interfacial shape without varying the dimensions of the in-
terface, i.e., at constant size, is described in terms of the shear elasticity and viscosity [30,32].
Moreover, under specific stress conditions, fluid /fluid interface can undergo out-of-plane
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deformations. These out-of-plane deformation modes lead to a displacement of the whole
monolayer, or parts of the monolayer, in relation to the equilibrium position of the interfa-
cial plane (splaying or bending), resulting in the emergence of different phenomena, e.g.,
buckling of the monolayer, expulsion of material into the bulk, or the formation of multi-
layers [33]. These transverse out-of-plane deformations are restored under the action of
interfacial-tension-driven forces, whereas in-plane modes (shear and dilation) are directly
restored by interfacial tension gradients associated with the interfacial concentration [24,34].
The interfacial tension gradients can emerge due to different factors, including the interfa-
cial convection of adsorbed species or the heterogeneity of the adsorbed layers. However,
the origin of the interfacial tension gradients occurring during interfacial rheology ex-
periments is found in the externally triggered modification of properties, e.g., interfacial
concentration, directly affecting the interfacial tension. This drives the Marangoni flows
trying to restore interfacial equilibrium [31]. Figure 1 shows a sketch representing the
in-plane and out-of-plane deformation modes that can occur in fluid/fluid interfaces under
the action of mechanical stresses.
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Figure 1. Sketch of different surface relaxation modes: (a) in-plane-modes (dilation and shear) and
(b) out-of-plane modes (bending and splaying). Reprinted from Maestro and Guzman [34], with
permission under Open access CC BY 4.0 license, https:/ /creativecommons.org/licenses/by/4.0/
(accessed 22 August 2022).

It should be noted that, in most of cases, the out-of-plane deformations can be rigor-
ously modeled, whereas the in-plane modes have been commonly analyzed for long time
using very simplified models that may be considered generalizations of the bulk behavior
to the interface, which neglects some subtle aspects of the interfacial rheology, e.g., the
existence of a finite dilational modulus, which is not considered in bulk models, designed
for incompressible fluids or the role of the curvature modes [10,35]. Moreover, in most
cases, the different rheological modes are coupled, and hence, the determination of the
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real (storage modulus) and imaginary (loss modulus) components of the corresponding
viscoelastic moduli is not always trivial. This can be understood considering that the
origin on the interfacial property gradient can arise from different processes; e.g., interfacial
tension gradients can be originated by a gradient of the interfacial concentration, or by the
convective transport that generates a concentration gradient. This makes it difficult, in
some cases, to independently obtain the different modes of the rheological response from
a single experiment [31]. However, this coupling is of interest in specific cases, e.g., for
obtaining dilational moduli from experiments involving capillary waves [36]. Moreover,
the coupling between the interfacial response and the mechanical properties of the adjacent
fluids or their structure may introduce additional problems for a proper evaluation of the
viscoelastic moduli [23].

The rheological analysis of interfaces requires the use of a continuum mechanical
approach. This assumes that bulk flows can be described in terms of the conservation
equations for mass, momentum, and energy, and specific coupling conditions. This leads to
the definition of the interface as a 2D dividing surface located between two adjacent fluid
phases (“sharp interface” framework) [10]. Considering the above picture, it is possible
to define the Cauchy interfacial stress tensor ¢ as a combination of two contributions: (i)
the interfacial energy, which accounts for the energetic cost associated with the presence
of a fluid interface of a fixed area, and provides information of any process changing the
interfacial concentration and affecting the interfacial tension, and (ii) the Marangoni stresses
emerging as a result of spatial interfacial tension gradients [9,10]. Thus, it is possible to
define the interfacial stress tensor according to the following expression.

os =T, T)és + Ty, M

where J; is the surface unit tensor, and 7 is the interfacial tension, which is a state variable
depending on the interfacial concentration and temperature. The second contribution to
the interfacial stress tensor is the anisotropic tensor or interfacial extra stress (T), and
accounts for the energy required to deform the interface [1,37]. The surface stress tensor
can be considered as a 2D second-order symmetric and tangential tensor embedded in 3D
space [9].

Considering a purely viscous fluid /fluid interface, it is possible to provide a definition
of the anisotropic tensor in terms of the Boussinesq-Scriven model [9]:

T, = [(KS - US)VS'UMS + 2n5Ds, 2)

where x; and 75 are the interfacial dilational and shear viscosities, respectively. V is the
interfacial gradient operator, v is the velocity vector on the interface, and D; is the interfacial
rate-of-deformation tension [38]. In general, the Boussinesq—Scriven model is used for
defining the rheological properties of fluid/fluid interfaces due to the viscoelastic character
of most fluid /fluid interfaces [39].

In the case of a purely elastic fluid /fluid interface, it is possible to define the anisotropic
tensor by a linear elastic model, according to the following expression (only valid for
infinitely small deformations) [10]:

T, = [(Es - Gs)vs'u](ss +2GsUs, (3)

with Es and Gs being the interfacial dilational and shear elasticity, respectively; u the dis-
placement vector on the interface; and Us the interfacial infinitesimal strain tensor. It should
be noted that bending stresses can also play a very important role under specific conditions,
e.g., densely packed particle-laden fluid/fluid interfaces. However, for simplicity they are
commonly not included [9].
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The description of elastic interfaces against larger stresses requires the introduction of
a finite strain tensor. This is possible by separating the dilational and shear contributions in
an interfacial elastic stress described by the following expression [40]:

_ ES Gs Bs 1 BS

where the deformations are defined by the left-Cauchy-Green interfacial strain tensor Bs,
and Y is the relative area deformation, i.e., the ratio between the instantaneous interfacial
area and the interfacial area in a reference state. The combination of the two limit cases, i.e.,
the Newtonian and the quasi-linear neo-Hookean, is essential for a realistic description of
real fluid/fluid interfaces, where viscoelasticity is of a paramount importance [9].

3. Interfacial Dilational Rheology: General Aspects

The determination of the response of interfaces against dilation offers different ex-
perimental and theoretical challenges that are not present when the properties against
shear stresses are evaluated. In fact, the application of isotropic dilational stresses to the
interface, without any shear influence, is very difficult [9,41]. Moreover, the change in
the interfacial area is associated with the change in the interfacial concentration of the
surface-active molecules existing at the interface, which yields a change in the state vari-
able, i.e., the interfacial tension. On the other hand, when soluble surface active molecules
are concerned, the modification of the interfacial concentration may be accompanied by
exchange processes involving the transference of molecules between the interface and the
bulk, which introduces, in many cases, additional relaxation processes to the problem [9].
In fact, the ability of surface molecules and active soluble molecules to diffuse (diffusivity)
from the adjacent fluid phases to the interface, and from the interface into the adjacent fluid
phases as result of the modification of the interfacial area, can originate surface tension
changes which are counteracted by the Marangoni flows, aimed toward re-establishing the
interfacial equilibrium.

The application of an infinitesimal uniaxial mechanical perturbation to a fluid/fluid
interface leads to a small change of the surface area, A, which induces a time dependence
modification of the interfacial pressure by a éI1 quantity (with IT being the interfacial
pressure defined as Il = v — 1, and 71, the interfacial tension of a fluid /fluid interface
loaded with surface active molecules). This change strongly emerges dependent on the
timescale probed during the specific experiment, and can be approximated according to
the following expression:

OII(t) =TI(t) — 11y = §5A = —E(t)u(t), ®)
where u(t) and E(t) account for the temporal dependence of the compressional strain and
dilational viscoelastic modulus, respectively, and I1(t) and I1y account for the temporal
evolution of the interfacial pressure and the initial interfacial pressure, respectively. Thus,
it possible to define the time evolution of the viscoelastic dilational modulus in terms of
the following expression:

oIl
B = ~40(35) ©
and that corresponding to the compressional strain as:
0A
) = —. 7
u() = 5 @)

From an experimental perspective, the dilational rheology measurements rely on the
application of a time-dependent stress to the interface, and the evaluation of the time-
dependent change of the interfacial tension. These type of measurements allow for the
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evaluation of the ratio between the temporal evolution of the interfacial tension and the
time-dependent stress, which is defined as the complex dilational viscoelastic modulus [42]:

_ ()}
He) = Fam@my ?

where F is the Fourier transform function, A7 (t) is the time evolution of the interfacial
tension, A(t) is the time evolution surface area, and w is the angular frequency. The complex
modulus can be split into its real (Es) and imaginary components (E;), which correspond
to the storage and loss moduli, respectively [43,44]. Assuming an oscillatory deformation
of small amplitude and a fixed frequency w, it is possible to define the complex dilational
viscoelastic modulus as complex magnitude according to the following expression:

E(w) = Es(w) + iEy(w) = Es(w) + iwxks, 9)

with the loss moduli allowing one to calculate the dilational viscosity xs = E;/w, and
the storage modulus Es defining the dilational elasticity. It should be stressed that the
constitutive viscoelastic parameters Es(w) and wk; are functions of w. Therefore, they
provide information about the time-dependent response of the system subject to small per-
turbations of the interfacial area, playing a central role in probing the interfacial dynamics
of adsorbed films.

The definition of the viscoelastic interfacial dilational modulus accounts for a change
in the applied stress as a result of the adsorption/desorption state of the molecules and
the interfacial structure. Thus, interfacial area changes can promote different relaxation
processes, with different characteristic timescales, that are associated with the different
mechanisms involved in reestablishing the equilibrium state of the interface after the
dilational deformation [45-47].

For fluid layers under equilibrium condition, or when the layers are disturbed follow-
ing a quasi-static path (w — 0), the interfacial dilation forces an instantaneous modification
of the interfacial concentration ()A/A = —6T/T'), and it is possible to define a limit value
for the dynamic modulus at zero frequency. This is the so-called static modulus, which is
given by the Gibbs elasticity gy, defined as:

oIl

Es(w—0) =g = F(m,)eq, (10)

Hence, this apparent elasticity can be considered a result of the deformation-induced
change in the interfacial concentration (I' = 1/A), which in turn modifies the interfa-
cial tension. This magnitude can be obtained from the relative slope of the equilibrium
isotherm [30]. According to the above discussion, it is possible to define a dilational
viscosity at zero frequency in terms of the frequency independent Newtonian limit:

s (w — 0) = Ko, (11)

Figure 2 summarizes the typical material response expected for a viscoelastic layer
undergoing a single relaxation process as a result of the dilational deformation.
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Figure 2. Sketch of the typical material response for a viscoelastic layer undergoing a single relaxation
process upon the application of a dilational stress. Adapted from Mendoza et al. [30], with permission
from Elsevier, Copyright (2014).

4. Rheological Tools for Evaluating the Response of Planar Fluid/Fluid Interfaces
against Dilation

The last few years have been very fruitful in terms of the development of suitable
tools to measure the response of planar fluid /fluid interfaces against dilational deforma-
tion [48,49]. Unfortunately, many of such tools provide information of the response against
deformations within the linear response regime, which does not provide, in most cases, a
suitable representation of some of the phenomena occurring in complex fluid/fluid inter-
faces, which are of technological and scientific interest [6,9]. However, these tools provide
important information regarding the relaxation mechanism driving the re-equilibration of
the interface upon dilational deformations. In fact, the experimental and theoretical tools
of the interfacial dilational rheology provide information about the exchange mechanisms
of material between the interface and the adjacent fluid phases, as well as the different
reorientation and exchange process occurring between molecules confined within the
interface [50-52]. This section focuses on the description of the most fundamental method-
ological features of the determination of the dilational response of planar fluid/fluid
interfaces. However, it should be stressed that even the description of the mechanical
response of curved interfaces is not discussed in this work. The understanding of the
rheological response of curved interfaces has gained importance due to their recognized
role in terms of its technological importance, including the stability of emulsions and
foams, or coffee-ring formations upon the evaporation of liquid droplets deposited on solid
substrates [19,53,54].

4.1. Experimental Tools

The characterization of the dilational response of interfacial layers requires careful
selection of the most suitable technique, as well as appropriate experimental conditions.
Several experimental techniques can be applied for evaluating the response of fluid /fluid
interfaces to dilational stresses, offering different sensitivities and measurement ranges [50].
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This section provides a brief overview of the types of experiments and experimental
techniques that are currently available for studying fluid/fluid interfaces subjected to
dilational deformations.

4.1.1. Experimental Techniques

This section includes a brief overview of the most common methodologies used for
evaluating the dilational properties of fluid /fluid interfaces. A more detailed discussion
about the experimental techniques used for this purpose may be found in references [9,50].

Drop/Bubble Shape Tensiometers

The use of drop/bubble shape tensiometers on the evaluation of the dilational vis-
coelasticity of fluid/fluid interfaces relies on the determination of the time evolution of
the interfacial tension during harmonic changes of the area at a fixed frequency. This
information can be extracted from an analysis of the changes occurring in the drop /bubble
shape profile during the process, and is achieved by applying the Young-Laplace equation.
This approach provides a framework to calculate the interfacial tension, by assuming
that the contributions associated with shear are negligible. Therefore, the analysis of
the drop/bubble shape profile can be only exploited for rheological simple interfaces
characterized by an isotropic and constant stress along the whole interface.

(K1 +x2)y = p — pgz, (12)

where x1 and x; are the curvature radius of the drop/bubble, p is the pressure difference
across the interface, g is the gravitational acceleration, p the fluid density, and z the vertical
coordinate. It is worth noting that the deformation of drops/bubbles cannot be always
assumed as purely radial. Moreover, the drop/bubble requires an instantaneous mechanical
equilibrium for a correct evaluation of the interfacial tension, which limits the applicability
of drop/bubble shape tensiometers for the evaluation of the interfacial dilational modulus
for deformation frequencies in the range 10—3-0.2 Hz [55].

It is worth mentioning that the evaluation of the interfacial tension by applying
Equation (12) is not always straightforward, especially because it is often difficult to
obtain accurate values of the curvature radius. This can be commonly solved, considering
that drops/bubbles undergo an axisymmetric deformation under the application of an
external force. This condition is not fulfilled when densely coated drops and bubbles are
considered [56,57].

In general, the use of drop/bubble shape tensiometers for evaluating the dilational
properties assumes the existence of a single isotropic and constant tension for the entire
interface. This allows for the application of the generalized Young-Laplace equation [58]:

KO + Ks0s = P — pgZ, (13)

with x4 and oy, defining the principal curvature and stress in circumferential direction,
respectively, whereas s and ¢ account for the principal curvature and stress in merid-
ional direction, respectively. The interfacial stresses are magnitudes that depend on the
interfacial deformation; hence, its evaluation should be locally performed because the
deformation may not be constant within the whole drop/bubble. On the other hand, when
the deformations are non-isotropic, the principal interfacial stresses become equal [9].

Capillary Pressure Tensiometers

An alternative approach for evaluating the dilational rheological properties of fluid /fluid
interfaces relies on the determination of the capillary pressure inside droplets or bubbles,
together with their dimensions. In this case, the determination of the interfacial tension
does not require a strong gravitational deformation of the drops/bubbles, which was
necessary with conventional shape tensiometers [59]. This allows a reduction in the size
of the drops/bubbles used (in the range 20-200 um). Thus, it is possible to reduce cap-
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illary and inertial relaxation times, enabling an extension of the probed frequencies up
to 100 Hz [45]. Moreover, this approach reduces the role of the shear contributions on
the deformation, making acceptable the isotropic assumption for the resolution of the
Young-Laplace equation to determine the interfacial tension [9,10,60].

In recent years, methods using oscillating drops/bubbles have been further developed
to extend the frequency range that can be probed. One of the most popular alternatives for
this purpose is to design a device consisting of a closed cell, a pressure sensor, and a piezo
translator, which monitors the time evolution of the capillary pressure during the experi-
ments. Thus, it is possible to determine the rheological properties of fluid/fluid interfaces
in the 0.5-450 Hz range. Moreover, this type of device allows for the measurement of the
rheological properties of interfaces formed for two fluids with very similar densities [56,61].

Langmuir Troughs

The Langmuir trough is a common experimental setup used for studies dealing with
the dilational properties of fluid /fluid interfaces [62,63]. It consists of two barriers, arranged
parallel at opposite extremes of the trough, that can be used to compress or expand the area
available for the interface under controlled conditions. During the compression/expansion
of the interface, the interfacial tension is monitored by using a surface balance fitted with a
contact probe; generally, a Wilhelmy plate. This reduces the interfacial stress for specific
deformation conditions [4].

It is worth mentioning that the interfacial stress measured in the Langmuir trough,
as a result of a uniaxial deformation, in many cases, includes both dilational and shear
components [64]. Moreover, special care is required for interpreting the rheological prop-
erties of solid-like layers obtained using Langmuir troughs, because in many cases the
deformation field cannot be defined as homogeneous, and hence, it depends on the specific
geometric constraints of the used trough [40,65]. The inability to apply a purely isotropic
stress, which leads to rheological responses containing dilational and shear contributions,
is a very important problem when interfaces with a complex microstructure are analyzed.
The application of anisotropic stresses to such complex systems results in a rheological
response characterized by the change of the area and the shape under compression [10,40].
This can be solved by introducing several modifications to the Langmuir trough to ensure
a purely dilational deformation of fluid /fluid interfaces [40].

The most useful design of Langmuir trough to ensure a pure dilational deformation of
planar fluid/fluid interfaces is the proposed by Pepicelli et al. [40]. This relies on a radial
trough which is isotropically deformed by an elastic band held by twelve “fingers”. The
interfacial pressure is determined by using a Wilhelmy rod, ensuring radial symmetry. This
type of device allows for the application of isotropic deformation, avoiding any shear effect
on the interfacial deformation [66].

Wave Damping

A traditional approach exploited for the evaluation of the mechanical response of
fluid /fluid interfaces against high frequency dilational deformations relies on the study of
the damping of capillary waves. These can be generated upon the application of mechani-
cally, thermally, or electrically driven perturbations of the interface, when their propagation
happens along the fluid /fluid interface. During their propagation, the waves are dampened
by the action of surface forces that try to restore the flatness of the interface [22,67-71].

The study of the rheological properties by the evaluation of the dampening of surface
waves allows the study of information of the dilational properties of fluid/fluid inter-
faces up to frequencies of about 100 kHz [72]. Information about dilation properties of
fluid/fluid interfaces can be also obtained from the longitudinal wave dampening. These
are propagated mainly by interfacial tension gradients, allowing one to probe the dilational
rheology of fluid /fluid interfaces at lower values of deformation frequencies than when
capillary waves are used [50,73-75].
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Despite the broad range of frequencies (0.1-10° Hz) that can be probed by the eval-
uation of the damping of waves generated at fluid/fluid interfaces, and the contactless
character of this type of technique, the interpretation of the data is not straightforward,
which limits their applicability [72,76]. Recently, Slavchov et al. [68] reviewed the most
fundamental aspects of capillary wave damping as a tool for evaluating the mechanical
response of fluid/fluid interfaces and other of its potential applications. Moreover, they an-
alyzed some recent theoretical developments on the use of capillary waves. Rajan [77] has
recently solved the problems associated with the use of the damping of interfacial waves
for the determination of the rheological properties of liquid/liquid interfaces, providing
results of the interfacial elasticity and viscosity of water/oil interfaces.

The use of Faraday waves can be an alternative for studying the properties of fluid / fluid
interfaces for systems with very low values of this property [78,79]. Henderson [80] used
the analysis of Faraday waves to evaluate the mechanical response of interfaces with mono-
layers of different insoluble molecules, and found that the effectiveness of wave damping
was enhanced as the interfacial packing of the interfacial film increased. Similar results
were found for monolayers of wheat storage proteins [81].

4.1.2. Experimental Methods

The experimental methods used for studying the dilational rheological response of
fluid /fluid interfaces rely on the mechanical perturbation of the interfacial area, and the
measurement of the response.

Stress Relaxation Experiments

Relaxation experiments of fluid /fluid interfaces can be performed by applying a sud-
den perturbation of a controllable parameter defining the equilibrium state of a monolayer
at a fluid/fluid interface, e.g., interfacial area, or interfacial concentration, among others.
This type of perturbation takes the system to an out-equilibrium situation, and hence,
the system undergoes a relaxation process to reestablish the equilibrium state [82]. Stress
relaxation experiments can be performed using Langmuir troughs or drop/bubble shape
tensiometers [83].

In a stress relaxation experiment, the time evolution of the interfacial tension (t) or
the interfacial pressure I'1() are recorded, after a sudden change (compression or expansion)
of the interfacial area. This change of the interfacial area takes the interfacial pressure far
from its equilibrium value, inducing a change of the interfacial pressure AIT that defines
the interfacial stress. This acts as a restoring force which tries to recover the equilibrium
state of the interface once the strain ceases [84].

Creep Experiments

Creep experiments are commonly performed by using Langmuir troughs. In this
type of experiment, an equilibrated interface characterized by its equilibrium interfacial
pressure Il is suddenly compressed, i.e., as fast as possible, until it reaches a desired
interfacial pressure value; then, the surface pressure is constantly maintained by changing
the interfacial area. Thus, the excess of interfacial pressure is adjusted by considering the
area relaxation process, allowing one to define the creep compliance as [85]:

JA
_u(t) A

= -0 14
g H*HO ( )

The creep compliance J(t) is a phenomenological function, providing information on
how the structure of the film resists the application of a controlled stress [85,86].

Oscillatory Area Experiments

Oscillatory area experiments rely on the application of a sinusoidal perturbation to
the interface, at a constant frequency w, which is a profile described as u(t) = A/ Ay =
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(u0/2) exp(iwt). The deformation of drops or bubbles at low frequencies almost guaran-
tees a pure dilational deformation of the interface. However, for planar films studied in
Langmuir troughs, the in-plane shear components can appear coupled to the dilational
ones in both the applied strain and the response stress, which makes it difficult to extract
true information of the dilational viscoelastic moduli. This may also occur in relaxation
and creep experiments. It should be noted that the shear contributions present for films
at fluid /fluid interface values are smaller values than those obtained for the dilational
contributions, and hence, it can be neglected in oscillatory area experiments [30,87].

If the deformation allows the monolayer response within the linear regime to be
maintained, this will follow a sinusoidal function with the same frequency of the strain.

I1() = Iy — o (1), (15)

with () = L exp(iw + ¢¢). ¢ introduces a phase factor that includes the contribution
associated with any delay in the response, due to viscous contributions in the rheological
response of the interface. From oscillatory area experiments, within the linear regime, it is
possible to obtain the elastic modulus Es and the dilational viscosity «;

Es = Ecos¢g, (16)

and
wks = Esingg, (17)

withE = &

ug”®

Surface Waves Experiments

Interfacial rheology experiments using surface waves are possible following two
different strategies. The first takes advantage of the waves originated as a result of the
“natural” thermal fluctuations of the surface position, which can be explained in terms
of the second law of thermodynamics. The second strategy is based on the production
of “artificial” surface waves upon the application of external stimuli, e.g., electrical or
mechanical perturbations. Independently of the nature of the used waves, the features
of the fluctuations (amplitude, frequency, damping, etc.) can be related to the interfacial
rheological properties of the probed systems [88-90]. In fact, any displacement of the
fluid /fluid interface in relation to their flat level shape can be interpreted as an interfacial
motion guided by an external force, and restored as result of the viscoelastic properties of
the fluid phases and the interface itself [36,91].

One of the most common techniques based on the study of surface waves is the surface
quasi-elastic light scattering (SQELS) technique, which relies on the light scattered by
transverse surface waves. These provide a measurement of the dynamics associated with
the thermal induced roughness of the interface [36,91,92]. Thus, it is possible to evaluate the
interfacial dynamics under equilibrium conditions by observing the dynamics of thermal
fluctuations around the equilibrium state. These fluctuations present a very small length
scale (a few Angstrom), allowing one to probe the interfacial rheology in the linear regime.
SQELS experiments can be based on the determination of the heterodyne autocorrelation
function or the power spectrum of the scattered light P(w).

_ kpT [iwn(m +q) + Eq®
 nw D(q,w)

P(gq,w) (18)

where kp is the Boltzmann constant and # the subphase viscosity. g and m define the
wave-vector and the diffraction order, respectively. E is the complex dilational modu-
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lus (compression+shear), and D(w) the surface wave dispersion relation defined by the
following expression [36]:
2

D(g,w) = |Eq* +iw(m +q)] [wf +iw(m+q) - % —[iwn(q —m),  (19)

withm = /g% + % The dilational elasticity and viscosity can be determined by measur-

ing P(w) and the interfacial tension. SQELS allows probing of the dilational viscoelastic
properties of interfaces in the frequency range 10°-10° Hz [93].

A second example of experiments based on surface waves relies on the excitation
of surface waves with higher amplitudes than those obtained in SQELS experiments
(~1pm). This is possible under the application of an external physical stimulus, commonly
mechanical or electrical, as an excitation force. In general, electrical stimuli are preferred
to mechanical ones because they present a non-invasive character, allowing for an easier
experimental design [30].

Electrically excited surface waves are so-called electrocapillary waves (ECW), and
they can be evaluated by measuring the spatial profile of the generated waves by using
spatially resolved laser reflectometry. Thus, it is possible to obtain a spatial profile that
follows a damped wave function, defined as:

A = cos (2?( + ¢>) exp(—px), (20)

where A accounts for the capillary wavelength and S for the spatial damping constant
of the capillary wave oscillations. ¢ defines a phase term obtained as a function of the
excitation frequency. ECW experiments are required to perform measurements at different
frequencies to obtain the group velocity, and to transform the results obtained from the
space domain to the time domain. Then, by combining the frequency of the independently
measured interfacial tension and the values of A and j obtained in the fitting of the spatial
profile of the damped wave, it is possible to calculate the interfacial dilational elasticity and
viscosity by solving numerically the dispersion equation for each measured frequency (in
the range 20-103 Hz) [30].

It should be noted that the above wave damping considers a sharp fluid/fluid in-
terface, which is coated by a thin monomolecular film. However, the situation becomes
more complicated when thick films are adsorbed at the fluid /fluid interface. A detailed
discussion of the role of the interface thickness on the ability of fluid/fluid interfaces for
dampening waves can be found in the literature [94-96].

4.2. Theoretical Models

The use of suitable theoretical models for analyzing the frequency dependence of the
dilational viscoelastic properties of fluid /fluid interfaces can shed light on the relaxation
mechanism involved in the reestablishment of the interfacial equilibrium after a dilational
deformation [45,97]. The Lucassen-Van den Tempel model assumes that the adsorption-
desorption equilibrium occurs freely, and no adsorption barriers are present; thus, the
material exchange between the bulk and the interface is governed by diffusion [45,98,99].
This is only possible assuming that the formation of an interfacial layer of the interface
requires the equilibrium between the interface and the species existing in the bulk, i.e.,
the formation of a soluble or Gibbs monolayers. Thus, it is possible to define the complex
viscoelastic modulus according to the following relationship:

1+¢+i¢

T 112622 o
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2
where § = |/“E, with wp = D (g—;) being the characteristic frequency of the exchange
eq

process, D the diffusion coefficient, and c the bulk concentration. From the above definition,
it is possible to assume two limits. In the first limit, w — co and wp — 0, which results in
Es — &g and E;, — wks; — 0, and the monolayer behaves as an insoluble one (Langmuir
monolayer), i.e., there are no possibilities for material exchange between the interface and
the adjacent fluid phases. The opposite situation occurs when w — 0 and wp — oo, which
results in E;, wxs — 0, leading to a situation where the resistance to the compression is
negligible, and the equilibrium between the bulk and the interface can occur during the
compression process. For those cases in which the frequency assumes intermediate values,
the condition 0 < E; < ¢p and wks # 0 is fulfilled.

The above model assumes that the interfacial concentration only changes as a re-
sult of the exchange of molecules between the fluid/fluid interface and the adjacent
bulk phases (Gibb monolayers). However, this is not possible when insoluble layers
are considered. In these cases, it can be only expected relaxation processes that are circum-
scribed to the fluid/fluid interface. This type of relaxation mechanism can also appear
in soluble monolayers. There are several possible interfacial tension relaxation processes
that can directly affect the interface upon a dilational deformation [100]. These corre-
spond to the internal reorganization of the adsorption layer, which can occur according
to different mechanisms, e.g., phase transitions, molecular reorientation, and molecular
folding /unfolding [17,45,101-103].

The existence of a relaxation mechanism involving only the interface requires intro-
ducing a generic thermodynamic variable X, which gives a description of the advancement
of the relaxation process. This new variable, combined with the interfacial tension and
the interfacial concentration, permits a description of the state of the interface. Thus, it is
possible to define a state equation for the interface according to the following expression:

v =7(T,X). (22)

Assuming a relaxation process following a first order kinetics, it is possible to define

the kinetic equation as:

ax
where k is the characteristic constant of the process and X, is the value of the thermo-
dynamic variable under equilibrium conditions [45,104]. The above framework allows a
description of the dependence of the viscoelastic modulus in terms of the frequency as:

N 141iA;
E=¢+ E (Ej—Sj_l)ig, (24)

where A; = w;/w and w; provide information about the characteristic frequency of the j-th
relaxation processes, and ¢; and ¢; 1 are thermodynamic parameters related to the limit
elasticities. For insoluble systems, ¢ stands for the limit elasticity when the deformation
tends to zero.

The frequency dependence of the imaginary part of the dilational viscoelastic mod-
ulus is characterized by peaks, with their maximum corresponding to the characteristic
frequency of the involved relaxation processes. The maxima of the peaks in the imaginary
part correspond to the inflection points in the real part curves. Figure 3 represents the
frequency dependence of the real or imaginary parts of the dilational viscoelastic modulus
for fluid/fluid interfaces presenting different relaxation processes.



Fluids 2022, 7, 335

14 of 22

30

25 E

10

o frequency

Figure 3. Sketch of the typical dependences of the (a) real and (b) imaginary parts of the viscoelastic
modulus for fluid/fluid interfaces presenting different relaxation processes. The dashed lines corre-
spond to a system presenting a relaxation process characterized by a relaxation process defined in
terms of the Lucassen-van der Tempel model, and the continuous lines represent the typical behavior
of a fluid/fluid interfaces where a relaxation process affecting only the interface is coupled to a
Lucassen-van der Tempel-like relaxation. Reprinted from Liggieri et al. [104], with permission from
Royal Society of Chemistry, Copyright (2011).

For systems presenting several relaxation processes, it is possible to superimpose
them following a linear combination scheme to fabricate an expression for the frequency
dependence of the dilational viscoelastic modulus containing an arbitrary number of
processes [45,46,103,105].

5. Evaluation of the Mechanical Relaxation Spectrum from Dilational Rheology
Experiments

One of the main challenges when dilational rheology experiments are performed is
related to the evaluation of the mechanical response of fluid/fluid interfaces in a broad
range of frequencies. Unfortunately, this requires a combination of techniques, which
introduces two main issues: (i) the accessibility to the different techniques is not always
easy; and (ii) some devices cannot be used for studying both soluble and insoluble interfacial
layers. Figure 4 presents a summary of some of the experimental techniques accessible for
evaluating the dilational response of fluid/fluid interfaces, as well as the frequency range
in which they can be used.
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Figure 4. Summary of some of the most extended methodologies for evaluating the dilational
response of fluid/fluid interface, together with the accessible frequency ranges for such techniques.

Presently, there has been only one study concerning the whole relaxation spectrum
in the frequency range 10~3-10% Hz [104]. This required combining an oscillatory drop
tensiometer, a capillary pressure tensiometer, and an electrocapillary wave instrument to ac-
cess the whole frequency range. Moreover, there are several studies where the combination
of different techniques has provided information about the mechanical relaxation spectrum,
and information regarding the real and imaginary part of the viscoelastic modulus values
from the whole frequency range is not available [106-108].

Assuming the difficulties associated with performing dilational rheology experiments
in a broad frequency range, it is necessary to adapt classical approaches of conventional
rheology to the study of fluid/fluid interfaces. One example of these approaches is to
adapt the widely used time-temperature superposition principle for extending the range
of frequencies accessible for the analysis of data [109]. The applicability of this type of
superposition is limited to the thermo-rheologically simple, which are characterized by the
presence of a single relaxation mechanism over the whole temperature and frequency range
explored. Despite the proved effectiveness of the superposition principle for describing
the bulk rheology of different systems, its application to the study of fluid/fluid interfaces
is recent [52]. Bae et al. [52] proposed to describe dilational interfacial rheology by using
a concentration-frequency superposition methodology. Thus, it was possible to expand
the explored frequency range, even though the accessible data were acquired in a limited
region. The concentration-frequency superposition can be defined in terms of the following
set of expressions:

Es (0, ) = BeEs[a(c)w,d], (25)

and
Eo(w,) = BeEola(c)aw, ], 26)

where E; (w, cref ) and E, (w, cref ) represent the dilational elastic and viscous moduli, re-

spectively, as were obtained at the experimental frequency for a fixed value of the bulk
concentration ¢"¢f which is fixed at reference, and Es[a(c)w, ¢] and Ey[a(c)w, c] correspond
to the elastic and viscous moduli, respectively, at a certain bulk concentration c, in which
the deformation frequency has been re-scaled by a shift factor « enabling the superposition
of the real and imaginary parts of the viscoelastic dilational modulus. B, is a shifting
factor for ensuring the perfect overlapping between the data. When B¢ — 0, the frequency-
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concentration superposition method provides information related to the concentration
dependence of the rheological response, which provides the basis for enlarging the fre-
quency window accessible for the experiments. Figure 5 shows, for the sake of example, the
superposition of the curves corresponding to the dilational elasticity modulus and the loss
tangent (tand = E,/ Es) for mixtures of chitosan and an anionic surfactant with increasing
surfactant concentrations. The introduction of the shift factors to the rheological results
allows for the establishment of master curves for the elastic modulus and the loss tangent.

65 |-
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40
35}

10 10™ 10°

oo (Hz)

0.10

005 W wilfogl i EoEE py

tand

0.00 a2 22l PR |
10 10 10°
aw (Hz)

Figure 5. Re-scaled frequency dependences of the elastic modulus and loss tangent for chitosan-
anionic surfactant mixtures with different surfactant concentrations (symbols of different color
represents the set of data for solutions with different concentrations) and a fixed chitosan concentra-
tion of 2 g/L (pH 4.5 and ionic strength 120 mM NaCl). The symbols are the experimental results, and
the solid lines represent the best fit of the experimental curves to a model, including a Lucassen-Van
der Tempel-like relaxation process and a relaxation process affecting the interface. Adapted from
Akanno et al. [51], with permission from Royal Society of Chemistry, Copyright (2020).

6. Non-Linear Dilational Interfacial Rheology

The above discussion has so far dealt with the dilational response of fluid/fluid
interfaces to small amplitude deformations. However, the situation significantly changes
when the amplitude of the deformation is large enough to push the response of interfacial
films far from the linear regime. It should be noted that, in some systems, the onset
in the region of a non-linear response is reached even with deformations of very small
amplitude [110-112].

The analysis of the non-linear response in dilational rheology is not straightforward,
mainly due to the difficulties associated with providing a suitable definition of the applied
deformation [113]. This may be understood by considering axisymmetric drop shape
analysis as an example. In many cases, this type of experiment relies on inhomogeneous
deformation, which depends on the position [114]. This is a very critical issue because the
stretching can be very different depending on the interface area, even though this is not
considered in most cases for data analysis. Moreover, the interference of time-dependent
and deformation-dependent rheological properties also complicates the analysis of non-
linear behavior of fluid /fluid interfaces.
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a)

The study of the Lissajous curves is very useful for evaluating the properties of
fluid /fluid interfaces under non-linear conditions. The asymmetry of the Lissajous plots
results in four different contributions: two defining the extension part of the cycle (the
dilational moduli at minimum EFM and large EFL extension), and two providing infor-
mation of the compression part of the cycle (the dilational moduli at minimum ESM and
large ESL compression) [113,115]. Figure 6 shows a schematic representation of the stress
decomposition to obtain the four contributions.

) . b) :

EM :
Eg

# Wi R
Fa

Figure 6. Definition of minimum and large-strain moduli. (a) Minimum and large deformation
dilational moduli in extension. (b) Minimum and large deformation dilational moduli in compression.
Adapted from Sagis and Fischer [113], with permission from Elsevier, Copyright (2014).

Using the abovementioned four contributions, it is possible to define two parameters
defining the non-linearity; the first defining the compression part of the cycle:

ECL _ ECM
SC = %/ (27)
E;

and the second accounting for the extension part of the cycle:

EL _ pEM
Se = = 28)

The evaluation of the S factors as a function of the applied strain provides quantitative
information on the non-linearity of the interface [113].

As an alternative to the graphical analysis in terms of a stress decomposition, the
non-linear rheological response of interfaces can also be analyzed by representing the stress
by using Fourier series, making use of the Fourier-transform rheology [111]. This relies on
defining the stress response in terms of a Fourier expansion:

o(t) = opexp(iwt) + 01 exp(2iwt) + o exp(3iwt) + ..., (29)

where 0y defines the amplitude of the stress response defined with respect to the initial
interfacial pressure, and oy, 0, etc., correspond to the amplitudes of the harmonic terms of
the non-linear response. The use of Fourier transform rheology for modelling the non-linear
dilational response of fluid /fluid interfaces presents an important limitation associated
with the definition of the stress as an expansion around a zero-interface deformation rate,
which can provide information only for systems with small deviations from the linearity. A
very useful methodology for quantifying the non-linearity of the rheological response of
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fluid /fluid interfaces is by introducing the concept of the Total Harmonic Distortion (THD),

defined as [116]:
THD = Y Lk>0 Tk

0o

, (30)

where o} corresponds to the amplitudes of the harmonic terms of the non-linear response.
The above definition of the THD indicates that when this parameter assumes a null value,
the systems present a linear rheological response, while larger values of this parameter show
the emergence of a non-linear response of the fluid/fluid interface. Another alternative to
decomposing the stress response in non-linear systems is the Volterra series [117].

7. Concluding Remarks

The study of the dilational properties of fluid /fluid interfaces has been extensively
developed in recent years due to their recognized importance in different features of science
and technology. In this review, an updated overview of the currently available theoreti-
cal and experimental strategies for evaluation of the dilational properties of fluid /fluid
interfaces has been presented.

The more recently available knowledge on the interpretation of rheological data is
based on constitutive models. However, a more detailed understanding of the rheological
properties of fluid/fluid interfaces is required to introduce information about structural
features, allowing the establishment of a link between the mechanical response of the
interface and its structure. Therefore, it is necessary to advance the development of more
suitable models, enabling a better description of the dilational rheology of fluid/fluid
interfaces. Unfortunately, there are several challenges to overcome with regard to the
evaluation of the mechanical performance of fluid/fluid interfaces, with the separation of
the bulk effects and the response of the interface being one of the most important issues
identified in the experimental and theoretical development of the study of the dilational
rheology of fluid /fluid interfaces.
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